Adsorption and stabilization of nano-TiO2 particles in a concentrated dispersion  by Liu, Fuchun et al.
Chinese Materials Research Society
Progress in Natural Science: Materials International
Progress in Natural Science: Materials International 2013;23(5):464–4681002-0071 & 2013 Ch
http://dx.doi.org/10.10
nCorresponding aut
E-mail address: fc
Peer review under rwww.elsevier.com/locate/pnsmi
www.sciencedirect.comORIGINAL RESEARCH
Adsorption and stabilization of nano-TiO2 particles
in a concentrated dispersionFuchun Liun, En-Hou Han, Wei KeState Key Laboratory for Corrosion and Protection, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China
Received 8 November 2012; accepted 14 August 2013
Available online 26 October 2013KEYWORDS
Hyperdispersant;
Nanopowder;
Anchoring;
Stericinese Materials Res
16/j.pnsc.2013.09.00
hor. Tel.: þ86 24 23
liu@imr.ac.cn (F. L
esponsibility of ChinAbstract The quantitative adsorption behavior of a hyperdispersant onto nano-TiO2 particles has been
characterized by using FTIR (Fourier transform infrared) spectroscopy, NMR (nuclear magnetic
resonance) and a negative adsorption method. The intrinsic adsorbed amount of hyperdispersant was
(1.0570.09) mg/m2. Thickness of the adsorbed layer was (4.6670.42) nm. There was (7477)% wt water
in the adsorbed layer. In the hyperdispersant molecule, the anchoring group of the amide group attached
ﬁrmly to the nano-TiO2 particles, and the solvatable chains of comb-type structure exhibited the effective
steric stabilization.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Titanium dioxide is one of the most widely used pigments in the
coatings industry, having application in protection against UV
degradation of the matrix material. It is important to obtain a
homogeneous and stable TiO2 pigment dispersion for its practical
application. The role of various surfactants has been investigated
previously [1]. But for non-aqueous media, it is difﬁcult to prepare
high solids dispersion or suspension using the conventional
surfactants. New surfactants and hyperdispersants were proposedearch Society. Production and hostin
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iu).
ese Materials Research Society.by the chemists in ICI Company initially [2–4]. Hyperdispersants
are special dispersing aids different from classical surfactants.
They are also called polymeric dispersants or surfactants [5].
Compared to the conventional surfactants, hyperdispersants have a
marked difference in the molecular structure, which is composed
of an anchoring group and a solvatable chain [6], so it has an
activity on a speciﬁc solid/liquid interface, and adsorbs on the
surface of the solid particles. Hyperdispersants have been used for
dispersion of different metal oxides, such as TiO2 [7]. They can
stabilize the non-aqueous systems with steric effect, help save
energy and reduce the volume of organic solvents in coatings.
Nanoparticles have more advantages in the coating industry
since extraordinary properties, such as corrosion resistance [8–12],
weatherability [13] and ﬁre resistance [14,15], can be exhibited.
They have high surface energy and are easily form agglomerates
and aggregates, and therefore it is important to break down these
structures back into nanoscale particles and to stabilize this
state. Zhou studied the dispersion of nano-SiO2, nano-TiO2, andg by Elsevier B.V. All rights reserved.
Adsorption and stabilization of nano-TiO2 particles in a concentrated dispersion 465nano-ZnO particles in polyurethane coatings and found that it was
difﬁcult to disperse these nanometer particles homogeneously;
dispersion at a nanoscale level was attained by adjusting the mixing
method, the dispersants and the nanoparticle concentration [16].
We have fabricated highly-concentrated, homogeneous and
stable nanometer TiO2 dispersion in previous work [17]. In the
present investigation the adsorption behavior of nano-TiO2 parti-
cles has been conducted.2. Experimental
2.1. Materials
UV-TITAN M262 nano-TiO2 powder was made by KEMIRA
PIGMENTS YO. Its average particle size was 20 nm and speciﬁc
surface area was 59 m2/g. Hyperdispersant, Solsperse 28000 was
purchased from Shanghai Lubrizol International Trade Corporation.
Hyperdispersant and butyl acetate were mixed in appropriate
proportions in a disperser, and then ground in a ball mill for 4 h.
Finally, they were ﬁltered to be a nano-TiO2 concentrated
dispersion. Butyl acetate was chosen as a medium due to its low
viscosity, moderate polarity, and extensive applicability.
2.2. Measurements
A little nano-TiO2 concentrated dispersion or powder was dis-
persed ultrasonically with 260 W, 19 Hz for 5 min, dripped the
resultant dispersion on copper net and dried for observation.
A Philips EM420 analytical electron microscope was used to
observe the topography with the instrument set at Lλ¼25.1 mm Å
and E¼100 kV.
Dispersions with different concentrations of the nano-TiO2 were
prepared, left standing for 24 h, and poured into a test tube which was
centrifuged at 10000 rpm for 2 h by a TGL-16C desk centrifuge. The
supernatant liquid was removed, and dried at 60 1C to constant
weight. The hyperdispersant concentration was calculated from the
weight of solute and supernatant liquid (Eq. (1)). Its adsorptive
capacity was calculated from the difference between the hyperdis-
persant concentration before adsorption and that after adsorption
equilibrium (Eq. (1)). The adsorbed layer thickness was calculated by
Eq. (6).
Small quantities of the nano-TiO2 dispersion diluted by a
solvent, washed by ultrasonically (100 W, 40 kHz), and then
repeatedly centrifuged at 8000 rpm to remove the supernatant
liquid to remove the dissociated hyperdispersant. The resultant
settling was dried at 60 1C for 24 h, and put into a desiccator. The
nano-TiO2 powder without any treatment and the dried resultant
nano-TiO2 powder were pressed with KBr to make samples forFig. 1 TEM micrographs of the nano-TiO2 powdeFourier transform infrared (FTIR) analysis. The samples were
investigated by a Magn-560 infrared spectroscopic instrument
(Nicolet Company). Scanning times were 2, and resolution factor
was 8.000.
Waters 410 Gel Permeation Chromatography (GPC) (Waters
Corporation, Milford, MA) was used for identifying the compo-
nents of the hyperdispersant by studying their weight distribution.
Two columns were used and the measure range was from 500 to
5000 Da. The linear polystyrene was used at the standard calibra-
tion material. The sample was prepared at a concentration of 0.3%
using tetrahydrofuran (THF). Twenty microliters of the solution
were injected into the GPC column at a rate of 1.00 ml/min for
10.50 min at 35 1C.
Characterization of the hyperdispersant was performed using 1H
nuclear magnetic resonance (NMR). 1H and 13C NMR spectra were
obtained in CDCl3 at room temperature using a Mercury 300 (Varian)
instrument and tetramethylsilane as an internal standard. 1H NMR
(400 MHz, CDCl3) δ (ppm): 5.355.46(–NH–CQO–, 2H),
4.884.92 ( , 3H), 4.054.10 (–CH2 linked to , 8H),
2.262.33 (–CH2 attached to –NH–CQO–, 6H; –CH2 attached to
–O–CQO–, 6H), 2.022.04 (–CH2 attached to , 6H ),
1.281.68 (–CH2, 60H), 0.870.89 (–CH3, 6H). 13C NMR
(400 MHz, CDCl3, δ): 173.9, 173.6, 173.2, 132.5, 124.3, 73.8,
73.7, 71.5, 64.1, 64.0, 36.8, 35.3, 34.6, 34.4, 34.3, 33.6, 32.0, 31.9,
31.8, 31.7, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 28.3, 27.3, 27.2, 25.7,
25.6, 25.3, 25.1, 25.0, 24.7, 22.7, and 22.6.3. Results and discussion
Fig. 1 shows a TEM micrograph of nano-TiO2 powder and a nano-
TiO2 concentrated dispersion. For the nano-TiO2 powder, there is
much agglomerate, and the distribution of the nanoparticles is
inhomogenous as shown in Fig. 1(a). For the nano-TiO2 concen-
trated dispersion, the distribution of the nanoparticles is uniform as
shown in Fig. 1(b). The hyperdispersants can enhance the disper-
sibility of nano-TiO2 particles.
The essential parameter of an adsorbed layer was available by the
Rahaček [18,19] method. The so called Rehaček method was used to
determine the polymeric adsorbed layer thickness by using the negative
adsorption. The maximum occurred in the adsorption isotherm, and
was then followed by a negative adsorption region. The Rahaček
method assumes that the polymer was adsorbed ﬁrmly, and cannot be
desorbed. After the polymer reaches saturated adsorption, the structure
of the adsorbed layer cannot change. Because of the designed
anchoring groups in the hyperdispersant structure for solid particles,
the adsorbed characteristics satisfy the Rahaček assumption. According
to the Rahaček method, it is hypothesized that the hyperdispersantr (a) and the nano-TiO2 concentrated dispersion (b).
F. Liu et al.466concentration of the solution prior to adsorption is Co, and after
adsorption equilibrium it is Ce. Then the apparent adsorbed amount of
the hyperdispersant, Xap, can be expressed as
Xap ¼MoðCoCeÞ ð1Þ
where Mo is the total weight of the hyperdispersant and the solvent
prior to adsorption. Xap is the apparent adsorbed amount.
For Xap, the adsorption of the solvent is not taken into account.
If that is considered, the real adsorbed amount X (also called the
characteristic adsorbed amount) is calculated from
X ¼MoCoðMoXXsolvÞ Ce ð2Þ
where Xsolv is the adsorbed amount of the solvent.
It is assumed that the total adsorbed amount in the adsorbed
layer is Ma, after the adsorption is saturated. Then, the Eq. (3) is
given.
Ma ¼ X þ Xsolv ð3Þ
The hyperdispersant concentration in the adsorbed layer, Ca is
Ca ¼ X=Ma ð4Þ
On substitution of Eqs. (2)–(4) into Eq. (1), we have
Xap ¼MaðCaCeÞ ð5Þ
As seen from Eq. (5), when the equilibrium concentration Ce is
quite small, then, Xap¼MaCa¼X, that is, the difference between
the apparent adsorbed amount and the real adsorbed amount is not
too big. With an increase of Ce, Xap decreases and has a linear
relationship with Ce. The linear slope is Ma, an intersecting point
of the extended line and the lateral axis becomes Ca, and an
intersecting point of the extended line and the axis of ordinate
becomes the real adsorbed amount, X. The adsorbed layer
thickness can be calculated by
δ¼Ma=ðρ  SÞ ð6Þ
where, ρ represents the density of the solution when the
hyperdispersant concentration is Ca, S is the surface area of the
solid particles.
The result of the hyperdispersant adsorption experiments on
nano-TiO2 in butyl acetate is shown in Fig. 2. The apparent
adsorbed capacity is the function of the equilibrium concentration.
The adsorbed layer parameters were listed in Table 1.5 10 15 20 25
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Fig. 2 Adsorption isotherm of the hyperdispersant on nano-TiO2
particles.It has been found that a maximum occurred in the adsorption
isotherm, followed by a negative adsorption region. It means that
the adsorbed hyperdispersant concentration in the solution was
higher than the initial concentration, indicating the solvent is
adsorbed on the surface of the nanoparticles.
In fact, the experimental curve was the apparent adsorption
isotherm, which was the sum of the hyperdispersant and solvent
adsorption isotherms. In the more dilute dispersion system, the
adsorbed amount of solvent may be neglected. But in the thicker
dispersion system, the adsorbed amount of solvent is signiﬁcant.
When the equilibrium concentration was above about 3.2%,
a decline of the adsorption isotherm appeared. Since the adsorbed
amount is calculated from the concentrations of the initial and the
ﬁnal solution, this indicates that, with the exception of the
hyperdispersant, adsorption of solvent also takes place. Therefore
the value found is not that of the actual hyperdispersant adsorption
but represents an apparent adsorption. In fact, a relatively large
amount of the solvent can be adsorbed together with the
hyperdispersant molecules. The solvent molecules are possibly
trapped in the extending tails of the adsorbed hyperdispersant
molecules.
The adsorbed layer parameters (the standard deviation r9%)
are listed in Table 1. The adsorbed amount of the solvent per area
of nanoparticles, Xsolv
n , is 3.00 mg/m2, and the amount of hyper-
dispersant in the adsorbed layer is 25.8%, indicating that there was
a large amount of the solvent in the adsorbed layer.
For the dried nano-TiO2 dispersion, new bands occurred at
1735 cm1, 2929 cm1, and 2856 cm1, which are attributed to
the characteristic bands of the hyperdispersant (see Fig. 3).
1735 cm1 corresponds to a carbonyl absorption peak; 2929 cm1
and 2856 cm1 correspond to C–H stretching vibrations, indicating
that the hyperdispersant was adsorbed on the surface of the nano-
TiO2 particles. The sample of the dried nano-TiO2 dispersion was
washed by a great deal solvent so that the hyperdispersant which was
physically adsorbed was desorbed in solvent and removed.
A stability check of the dispersion with 55% (wt) of the nano-
TiO2 was made 2 yr later at room temperature, and no settlement
was found. However, the use of other dispersants, such as anionic
or cationic dispersants, to prepare the dispersion rendered it
impossible to reach this high concentration, and the dispersion
typically solidiﬁed. So the hyperdispersant gave excellent stability
to the nano-TiO2 concentrated dispersion.
Stabilization of particle dispersions in non-aqueous media is
mainly caused by the mechanism of steric hindrance as shown in
Fig. 4(a). This mechanism occurs if the dispersed nanoparticles areTable 1 Adsorption parameters of the hyperdispersant.
Intrinsic adsorbed amount of the hyperdispersant,
X (g/100 g)
6.17
Intrinsic adsorbed amount of the hyperdispersant,
X (mg/g)
61.7
Intrinsic adsorbed amount of the hyperdispersant,
Xn (mg/m2)
1.05
Total amount of the adsorbed layer, Ma (mg/g) 239
Total amount of the adsorbed layer, Ma (mg/m
2) 4.05
The hyperdispersant concentration in the adsorbed
layer, Ca (%)
25.8
Adsorbed amount of the solvent, Xsolv (mg/g) 177.3
Adsorbed amount of the solvent, Xsolv
n (mg/m2) 3.00
Speciﬁc gravity of the adsorbed layer, ρ (g/cm3) 0.87
Thickness of the adsorbed layer, δ (nm) 4.66
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Fig. 3 FTIR spectra of nano-TiO2 powder (a) and its dried dispersion (b).
Fig. 4 (a) Scheme of steric hindrance and (b) the entropic repulsion energy of the nano-TiO2 particle.
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Fig. 5 FTIR spectrum of the hyperdispersant.
Fig. 6 1H NMR spectrum of the hyperdispersant, n¼11.
Adsorption and stabilization of nano-TiO2 particles in a concentrated dispersion 467covered by an adsorbed layer which prevents them from each other
closely. There is a 4.66 nm adsorbed layer on the nano-TiO2
surface.
Sato [20] proposed the entropic repulsion energy
VSR ¼NSkTθ1πðδdÞ2
2r þ δþ d
δ
 
ð7Þ
where d is the distance from the surface of the nanoparticle to
point of adsorbed layer contact and Ns is the number of segments
extending to the outside of the layer. θ1 is the surface coverage,
r is the radius of the nanoparticle. δ is the adsorbed layer thickness.
k is the Boltzmann constant and T is the absolute temperature.
In the presence of an adsorbed layer, the entropic repulsion energy
increases with d as shown in Fig. 4(b). An increase in the entropic
repulsion energy contributes to the dispersion stability of thenanoparticles in the medium. The entropic or steric stabilization is
the dominant and effective stabilization mechanism.
Fig. 5 exhibits the FTIR spectrum of the hyperdispersant. The
wide absorption peak at 3368 cm1 is ascribed to the NH group,
and the peak at 1735 cm1 is ascribed to the carbonyl group of the
ester [21]. The absorption peaks between 3300 and 2700 cm1 are
ascribed to the stretching vibration of saturated CH, while the peak
at 726 cm1 indicates the existence of long alkyl chains. The
stretching vibration of carbonyl at about 1640 cm1, combined
F. Liu et al.468with the N–H bending vibration at 1555 cm1, reveals that the
anchoring group of the hyperdispersant is an amide group.
For understanding the stabilization, the mechanism of the
hyperdispersant was investigated. The molecular formula was
speculated based on the FTIR and NMR spectra. As shown in
Fig. 6, the 1H NMR signals were assigned according the chemical
structure.
The number-average molecular weight is 10793, and the weight-
average molecular weight is 11798. The C–C, C–O and C–N bond
lengths are 1.54 Å, 1.43 Å and 1.43 Å, respectively [22]. According
to weight-average molecular weight respectively and the thickness
of the adsorbed layer, it is calculated that the teeth number of the
hyperdispersant's comb-type structure is approximately 3 and every
solvatable main chain contains about 161 carbon atoms and 1
oxygen atom. It can be inferred that the more anchoring groups
provide an excellent anchoring effect, and the long solvatable chain
can give steric effect.4. Conclusions
In the adsorbed layer, the entrapment of a considerable amount of
butyl acetate was found. 1NMR and FTIR analytical results
showed that the hyperdispersant consists of the anchoring group
of amide and the long solvatable chains of a comb-type structure.
The hyperdispersant played an important and effective stabiliza-
tion role in the concentrated dispersion of nano-TiO2.
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